The respiratory enzymes of some facultative anaerobes are influenced, both qualitatively and quantitatively, by growth in the presence or absence of oxygen. Anaerobically grown yeast (Saccharomyces cerevisiae) cells exhibit a much lower respiratory capacity and an altered cytochrome pattern when compared with yeast grown aerobically (Ephrussi and Slonimski, 1950; Chin, 1950) . The respiratory rate and the cytochrome and hematin content of Pasteurella pestis are decreased when cells are grown anaerobically (Englesberg, Levy, and Gibor, 1954) . Anaerobic growth of Bacillus cereus also causes an impaired formation of cytochromes and hematin (Schaeffer, 1952) . The results of these investigations suggest that the presence of oxygen during growth controls the formation of the respiratory system in some organisms. However, the mechanism by which oxygen exerts this control is unknown.
Previous studies with Staphylococcus epidermidis suggested that this organism was incapable of synthesizing certain cytochromes when grown in the absence of oxygen (Jacobs, Johangtes, and Deibel, 1963) . This tentative conclusion was based on the observation that some electron carrier required for nitrate reduction was inot synthesized during anaerobic growth unless hemin was added to the medium.
These data further suggested that the cytochrome(s) required for nitrate reduction could be synthesized during anaerobic growth if both hemin and nitrate were present in the growth medium. Thus, the possibility existed that the major role which oxygen played in controlling cytochrome formation in S. epidermidis was as a requirement for heme biosynthesis.
This investigation was undertaken to determine whether growth under anaerobic conditions, in the absence of nitrate, diminishes the cytochrome content and respiratory capacity of this Staphylococcus. The effect of hemin addition to the anaerobic growth medium on these two characteristics was also followed. These data lead to a clearer understanding of the influence of oxygen on the formation of the staphylococcal respiratory system.
MATERIALS AND METHODS
S. epidermidis strain AT2 was grown at 37 C in media containing Tryptone, 1%; yeast extract, 0.5%; K2HPO4, 0.5%; NaCl, 0.5%; and glucose, 0.5%. Aerobic cultures (200 ml in 2-liter Erlenmeyer flasks) were incubated on a rotary shaker operating at about 150 cycles per min. Cultures were grown anaerobically in completely filled, glass-stoppered bottles, which were rapidly cooled and inoculated immediately after autoclaving.
676
Inocula and hemin (crystalline C gI chased from Calbiochem) were prepare ously described added after autoclaving; a 0.5% inoci was employed. Cultures were grown a for 8 hr, and anaerobically (with an hemin) for 16 hr. Preliminary growth st cated that incubation for the time yielded cultures near the end of the lo growth. Cells were harvested and wash pension and subsequent centrifugation i of 0.85% NaCl equal to half the volume medium; this procedure was repeated During these manipulations, cell susper kept at 0 C under oxygen-free nitrogen were then suspended in 0.85% saline buffered with 0.025 M potassium phosphate (pH 7.0). A portion of this suspension was centrifuged, suspended in distilled water, and used for dry weight determinations (dried at 90 C to a constant weight).
Cytochrome content (cells suspended in 0.031 M potassium phosphate buffer, pH 7.0) was determined with a Cary model 14 recording spectrophotometer with the sensitive slide wire (full deflection, 0.1 optical-density units). Reduced minus oxidized difference spectra were obtained by reducing a portion of a suspension in the sample cuvette (1-cm light path, 3-ml volume) with either endogenous substrates or a few crystals of hydrosulfite. The suspension in the reference cuvette was oxidized by vigorous shaking in air. Carbon monoxide reduced minus reduced spectra were obtained by reducing both cuvettes with hydrosulfite and bubbling carbon monoxide through the sample cuvette for a few minutes. Respiratory rates were determined manometrically. Fig. 1 and 2. the presence of 0.5 ,ug of hemin per ml of medium. Growth at a lower hemin concentration (0.15 ,ug/ml) yielded comparable results.
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DISCUSSION
These results clearly indicate that growth of this strain of S. epidermidis under anaerobic, rather than aerobic, conditions leads to an impaired formation of the respiratory system, as indicated by a decrease in respiratory rate. The content of cytochromes of the a, b1 , and o types is also drastically reduced. However, cultures grown anaerobically in the presence of hemin show a marked increase, both in the rate of oxygen uptake and in the formation of cytochromes of the bi and o types. The inability of S. epidermidis to form cytochromes during anaerobic growth apparently is a result of its inability to synthesize heme in the absence of oxygen. If an appropriate level of hemin is present in the growth medium, cytochromes are formed without need for aeration. These cytochromes appear to be functional, since such cells also exhibit an increase in respiratory rate.
The cytochrome pattern of aerobically grown S. epidermidis is similar to that reported for Staphylococcus aureus (Taber and Morrison, 1964) , a closely related organism which is also capable of aerobic and anaerobic growth. Particles prepared from aerobically grown cells of S. aureus contain cytochromes of the bi, o, and a type. The prosthetic group of cytochromes b1 and o was indicated to be protoheme, whereas that of cytochrome a was heme a. On the basis of the carbon monoxide action spectrum, Taber and Morrison (1964) concluded that cytochrome o, but not cytochrome a, was the predominant functional oxidase. The a type cytochrome of S. epidermidis also does not appear to play a major role in respiration, since cells grown anaerobically in the presence of hemin respired almost as well ArOL. 89, 1965 JACOBS AND CONTI as aerobically grown cells, even though cytochrome a was not detectable in the cells. When S. epidermidis is grown anaerobically in the presence of protoheme (supplied as hemin), only those cytochromes are formed which have been shown to contain protoheme as prosthetic group in S. aureus (i.e., cytochromes bi and o). Apparently, S. epidermidis does not convert protoheme to heme a in the absence of oxygen. Smith (1955) described the cytochrome content of a bacterium designated as Micrococcus pyogenes var. albus. As in S. epidermidis and S. aureus (Taber and Morrison, 1964) , the principal oxidase was found to be cytochrome o, even though cytochrome a was present. In sharp contrast to S. epidermidis and S. aureus, the M. pyogenes var. albus contained cytochromes of the b and c types (peaks at 565 and 552 m,u, respectively).
Some interesting questions regarding the control of the formation of the staphylococcal respiratory system arise from the results of this study. In other facultative anaerobes such as S. cerevisiae, P. pestis, and B. cereus, it has been demonstrated that oxygen, by some unknown mechanism, is required for the synthesis of the complete respiratory system (Ephrussi and Slonimski, 1950; Englesberg et al., 1954; Schaeffer, 1952 (1963) observed the formation of cytochrome b1 when hemin was added to cell-free extracts of this mutant grown in the absence of hemin. These observations indicate that the mutant can form the apoenzymes of the cytochromes during growth in the absence of hemin. It remains to be determined whether any major differences in the respiratory system exist between this heme-requiring mutant and the anaerobically grown S. epidermidis, which is heme-deficient because of the lack of oxygen during growth.
These observations also have implications regarding the mechanism by which staphylococci synthesize heme. It appears that oxygen, in some manner, is required for this biosynthesis. Previous studies (Jacobs et al., 1963) suggested that the alternate electron acceptor, nitrate, could not substitute for oxygen in this capacity, even though the nitrate reductase enzyme was present. This implies a requirement for molecular oxygen. One possible explanation for this requirement is suggested by the finding with beef liver mitochondria that one of the oxidative steps in heme biosynthesis exhibits a requirement for molecular oxygen, and no other electron acceptor will substitute (Sano and Granick, 1961) . This reaction converts coproporphyrinogen to protoporphyrin. The observation that S. epidermidis forms large amounts of coproporphyrin during anaerobic growth tends to support this explanation. However, alternate explanations for this oxygen requirement should also be entertained. For instance, oxygen may be required, either directly or indirectly for the synthesis, rather than the activity, of some of the staphylococcal enzymes involved in heme biosynthesis.
